The water column of the Gotland Deep, an anoxic basin in the central Baltic Sea, was investigated as a representative and well-characterized part of a coastal marine ecosystem. We analyzed the overall structure of the bacterioplankton community by high resolution electrophoresis of the low-molecular-weight RNA (LMW RNA = 5s rRNA and tRNA). The results gave us a direct overview of the taxonomic diversity of the bacterial community (i.e. the number of taxa and their relative amounts in a sample). For further information about the identity of single taxa, we used partial sequencing of the 5s rRNA. Throughout the water column, we observed a rather limited number of abundant bacterial taxa (i.e. 3-7) with an increase of bacterial diversity in layers of increased turnover of organic matter. Comparison of samples taken from the euphotic zone during two consecutive summers indicated high similarity of taxonomic structure. One of the 5s rRNA bands occurring at the oxic-anoxic interface showed a partial sequence identical to Thiobacillus denitrzfians, a species whose presence was hypothesized earlier from biogeochemical investigations. By using this novel approach, we could combine a direct overview of bacterial diversity with the ability to further analyze single species and thus provide means to elucidate major bacterial catalysts of biogeochemical cycling.
Biogeochemical processes in large river-fed seas such as the Baltic are of outstanding importance for marine ecosystems and, due to their high levels of biological activity, of relevance to the global cycling of nutrients (Elmgren 1989) . Because biogeochemical processes are mediated to a large extent by microorganisms, knowledge about the community structure of microorganisms is of paramount interest to microbial ecologists (Hobbie and Ford 1993) . Greater insight into regulatory factors of biogeochemical processes depends on knowledge about the structure of the bacterial community, especially if one would like to link the wealth of knowledge about bacterial physiology obtained in the laboratory with biogeochemical phenomena observed in the field.
The Baltic Sea is the world's largest brackish water environment. It is strongly influenced by anthropogenic loads of nitrogen and phosphorus (Elmgren 1989; Brettar and Rheinheimer 1992) . Its water column is characterized by a permanent halocline (60-90 m) that inhibits vertical mixing deeper than 70 m (Rheinheimer et al. 1989 ). Below 70 m, water exchange relies on horizontal processes Acknowledgments We acknowledge support from G. Rheinheimer and the Department of Marine Microbiology during the cruise aboard RV Poseidon. We thank the four reviewers for their suggestions and comments.
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that are discontinuous and rare. As a consequence, the deep water is anoxic or oxygen depleted, and H2S accumulates in the deep water. A rather large and comprehensive data set of chemical, hydrographical, and microbiological parameters, including special biogeochemical processes such as denitrification, is available for the study site (Stigebrandt and Wulff 1987; Rheinheimer et al. 1989; Brettar and Rheinheimer 1991; Brettar and Hijfle 1993) . Our site of investigation, the Gotland Deep, is considered representative of the central Baltic (Wulff and Rahm 1989) . Its stable stratification provided a constant but diverse environment for the bacterial communities and made a comparison of the communities along the depth profile an appealing project.
Until recently, the taxonomic structure of natural microbial communities could be studied only with techniques that relied on the cultivation of bacteria. Due to the nonculturability of the major fraction of natural bacterial communities, no overall structure of the community could be determined (Roszak and Colwell 1987) . Several molecular approaches based on the direct analysis of environmental 16S ribosomal RNA (rRNA) have been developed to overcome the problem of nonculturability (see Ward et al. 1992) . However, these approaches do not provide an immediate, quantitative overview of the structure of the whole bacterial assemblage (i.e. the relative abundance of taxonomic groups). In this study, we make a first attempt toward obtaining this overview of the whole bacterial community in a marine ecosystem. We used the recently developed technique (Hiifle 1992) of high resolution electrophoresis of environmental low-molecular-weight RNA (LMW RNA = 5s rRNA and tRNA) to get a direct overview of the diversity and activity of the bacterioplankton community from samples along depth profiles from the water column of the central Baltic. A first step toward identifying the single members of higher abundance within the bacterial community was made by means of partial sequencing of the environmental 5s rRNA. The final goal of this approach is to identify and directly quantify all abundant members of the bacterial community (Hofle 1990b).
Materials and methods

Sampling-
Water samples (1 liter) were collected along depth profiles in the Gotland Deep (station BY 15, 57"20.0'N, 20'0.30'E) in summer 1986 and 1987. Bacterioplankton was filtered onto a sandwich of a glass-fiber filter (47 mm, Whatman GF/F) on top of a polycarbonate filter (Nuclepore, 0.2-pm pore size) and stored frozen (-70°C) for later RNA analysis. Samples from the euphotic zone (10 and 30 m) had been prefiltered through a 3-pm filter (Nuclepore) to eliminate higher organisms. Hydrographical, chemical, and biological parameters were measured simultaneously by standard techniques; more details are given elsewhere (Rheinheimer et al. 1989; Brettar and Rheinheimer 1991; Brettar and Hijfle 1993) .
Low-molecular-weight RNA analysis -The bacterial communities of the water column of the central Baltic were analyzed for their diversity by high resolution electrophoresis of the LMW RNA (5s rRNA and tRNA). This technique was developed for identifying bacterial strains at the species level by their specific band patterns formed by the distinct molecular weight and base composition of the single members of the LMW RNA fraction (Hiifle 1990a; Riiger and Hijfle 1992) . High resolution electrophoresis of bacterial LMW RNA results in a set of bands belonging to three different size classes: 5s rRNA [107-l 3 1 nucleotides (nt)], class 2 tRNA (82-96 nt), and class 1 tRNA (72-79 nt) . For pure cultures, these size classes comprise different numbers of bands: 5s rRNA one band, class 2 tRNA 5-10 bands, and class 1 tRNA lo-20 bands. Application to natural bacterial assemblages concentrates on the analysis of the 5s rRNA fraction in which only a single band per taxonomic group is to be expected, rendering the analysis of mixtures of different taxa possible (Hiifle 1990b (Hiifle , 1992 . Considering the size range of 5s rRNA known from pure cultures (107-131 nt), differences in the community structure should be reflected in differences in the banding pattern of the environmental 5s rRNA. The similarity of the taxonomic composition derived from different samples that display the same 5s rRNA band pattern is further supported if identical class 2 tRNA patterns are observed that are in general too complex to be analyzed in more detail. Class 1 tRNA, comprising the bulk of the different tRNAs in bacteria, can be analyzed in environmental samples only if a single species dominates strongly (Hiifle 1992) . In a second analytical step, identity of 5s rRNA can be demonstrated by sequencing the different bands, and comparison with the 5s rRNA sequence database enables taxonomic classification (Specht et al. 1990) .
LMW RNA analysis from bacterioplankton started with the extraction of the total RNA directly from the frozen sandwich of the glass-fiber and the polycarbonate filter. This extraction is based on a mechanical extraction with glass beads in a bead beater in combination with a chemical extraction by phenol and sodium dodecyl sulfate (Hofle 1988 (Hofle , 1992 . The total RNA obtained from the filter extraction was 3' end-labeled with cytidine 3',5'-[5'-32P]bisphosphate using RNA ligase. The radioactively labeled RNA was subjected to denaturing high resolution electrophoresis on a 10% polyacrylamide gel. More details on RNA extraction and electrophoretic analysis are given elsewhere (Hiifle 1988 (Hiifle , 1992 .
The 5s rRNA fraction was evaluated quantitatively by scanning the autoradiograms of the high resolution gels. In this way, the abundances of single 5s rRNA bands were quantified absolutely in terms of baseline-corrected peak areas, as well as in respect to their contribution to the total community. The diversity of the community is defined as the number of 5s rRNA bands per sample. Only bands contributing >4% of the total amount of 5s rRNA were included in the results. This 4% threshold is not based on the detection limit of the RNA analysis, which is -0.5% or below. Rather, it is an arbitrary threshold set for abundant taxa to make data analysis more comprehensive. Using this threshold, we could compare all samples of the whole-water column in terms of the diversity of the microbial communities. The quantitative analysis of the single 5s rRNA bands is summarized as the total 5s rRNA content in arbitrary units that are the total normalized peak areas per liter of seawater.
5s rRNA bands with different numbers of nucleotides are assumed to represent different taxa. In this way, the number of 5s rRNA bands gives a first overview of the number of taxa present in a sample and can be used as information about the diversity of the bacterial community. While bands of different numbers of nucleotides can be assumed to represent different taxa, bands with the same number of nucleotides of different origin may also represent different taxa. For further investigation of the single 5s rRNA, bands were submitted to partial sequencing by digestion with the G-specific RNase T, (Hofle 1992) . For the partial sequencing, single 5s rRNA bands were excised and eluted from the high resolution gel and digested for 20 min with RNase T1 at 55°C. The cleaved 5s rRNA was run on a second high resolution gel to determine the positions of the guanine bases in comparison to totally hydrolyzed 5s rRNA of Escherichia coli as molecular size marker. This partial sequencing provided information about the position of all guanine bases in about the first 100 nucleotides of the 5s rRNA from the 5' end (-80% of the molecule). This partial sequence information was used to determine the homogeneity of the band (i. may lead finally to classification or identification of the taxon represented by a single band, provided that the reference sequence of a known bacterial species is available in the 5s rRNA sequence database (Specht et al. 1990 ).
Results
Total microbial activity-The water column of the Gotland Deep is a diverse environment, ranging from oxic to H,S-containing layers and having zones of high to undetectable microbial activities (Fig. 1 , Rheinheimer et al. 1989) . The oxic part of the water column extended down to the oxic-anoxic interface at -130 m (Fig. la) . High CO,-fixation rates and organic carbon turnover (measured as glucose and acetate uptake rate) were found in the euphotic zone (O-20 m) and the layer at the oxicanoxic interface (125-140 m), where bacterial chemoautotrophic activity caused a high CO2 dark-fixation rate (Gocke 1989) . Between these two highly productive layers, bacterial activities were very low. Bacterial numbers (total direct counts) ranged from 0.2 x lo5 to 4.4 X lo6 ml-l, with maxima in the two active layers (Fig. 1 b) . The total 5s rRNA content per liter of seawater and depth (sum of all 5s rRNA bands) varied -1 OO-fold and closely followed the abundance of bacteria in the water column down to 140 m (correlation coefficient for total 5s rRNA vs. bacterial numbers in linear regression analysis was r = 0.962 and 0.990 for total 5s rRNA vs. bacterial biomass, respectively). In the anoxic zone (180 and 235 m), total 5s rRNA decreased greatly relative to bacterial numbers (Fig. lb) .
Overall community structure-The overall community structure of the bacterial communities at different depths of the water column in summer 1986 and 1987 is revealed by the gel autoradiogram showing the different 5s rRNA patterns (Fig. 2) . Evaluation of the gel scans from these 5s rRNA patterns is summarized in Fig. 3 , which shows the single 5s rRNA bands arranged according to the number of nucleotides and the contribution of the single bands expressed as the percentage of the community of the sample. Every 5s rRNA band represents at least one taxon. Only taxa contributing at least 4% of the total amount of 5s rRNA are considered in the following because this limit guaranteed the comparability of all samples throughout the water column. In this way, the diagram displays information on the diversity of the community by the number of bands indicated and the abundance of the single bands (putative taxa).
The diversity observed across the entire water column ranged from 3 to 7 taxa per depth interval (Fig. 3a,b) . The abundant taxa comprised 85-95% of the total community. The remaining fraction comprised taxa of an abundance 14% of the overall community.
Partial sequencing of some representative bands (see detailed community structure) revealed that the single bands corresponded to a single distinct sequence and thereby substantiated the assumption that one band represents a taxon at the species level. Almost all of the 5s rRNA of the bacterial species sequenced so far had unique sequences (Specht et al. 1990 ). The number of bands can thus be used as a lower limit for the number of abundant species per sample. This approach was also used for bacterioplankton samples from the euphotic zone of a eutrophic lake (Hiifle 1989 (Hiifle . 1992 .
Thk diversity of the bacterial community from summer 1986 (i.e. the number of taxa per sample) was highest in the zones of high metabolic activity (i.e. in the euphotic layer, 10 m) and around the oxicanoxic interface (120-140 m, Fig. 3b ). Taxa with a relative abundance exceeding 50% of the bacterial community (i.e. the dominant taxa) occurred only at 90. and 120-m depth (Fig. 3b) . The number of dominant single taxa in summer 1986 was comparable to that observed in summer 1987 at comparable depth intervals (data not shown).
Detailed community structure-A more detailed examination of the community structure based on 5s rRNA patterns is possible at three levels: single bands can be compared on size alone without sequencing; bands can be partially sequenced and compared among different water samples; and partial Baltic 5s rRNA sequences can be compared with sequences from reference strains or the 5s rRNA sequence database (Specht et al. 1990 ). Examining 5s rRNA bands according to their size showed that some 5s rRNA bands, such as the 121 nt band in Fig. 3a , occurred throughout the entire water column, while others, like the 119 nt band, were observed only in the oxic part of the water column down to 120 m; the 112 nt band was restricted to the low-oxygen and oxygenfree water column below 120 m. If we assume that each ofthese bands represents a single species, this observation indicates that some species are widely distributed throughout the water column, while others are restricted to specific strata.
The equivalency of species represented by bands of the same numbers of nucleotides originating from different samples was demonstrated by partial sequencing of some representative bands. For example, the 123 nt bands from 10 and 30 m in Fig. 2 (lanes b and c; for quantification we Fig. 3a) were shown to be identical. The 120 nt band from the 10-m sample was identical to the one taken 1 yr later at the same depth (Fig. 2 lanes b and k) . The close relatedness of the two microbial communities from 10-m samples of the different years was also apparent from the high degree of similarity in their LMW RNA pattern, especially pronounced for the class 2 tRNA (Fig. 4) . This high degree of similarity in the class 2 tRNA (12 of 14 peaks were matching) was not found with other depths intervals for which the banding patterns were not too complex to be resolved. For example, the class 2 tRNA molecular weight profile from the 130-m sample had only two matching bands out of nine; the seven other bands were at different positions (data not shown). , j) do not show the faint bands due to the small amounts of 5S rRNA present. Lanes: a-molecular weight marker (hydrolyzed 5S rRNA of Escherichia coli); b-bacterioplankton 5S rRNA of the fraction ~3 wnfrom10m;c-3Om;d-5Om;e-90m;f-l20m;g-l30 m;h-l40m;i-l80m;j-235m;k--10mfrom1987.Arrows indicate the 118 nt SS rRNA bands that had been identified by partial sequencing (see Fig. 5 ).
For the 118 nt band from lo-and 130-m depth in summer 1986, partial sequencing revealed equivalency of the bands of both depths. All guanine bases that could be observed in this partial sequence ofthe Baltic 5s rRNA were identical to those found in Thiobacillus denitrificans NCIMB 9548 (Fig. 5) . The missing gamine bases in the Baltic 5s rRNA sequence compared to T. denitrzjicans at positions 3545 nt are probably due to the lack of proper cleavage by RNase T, of environmental 5s rRNA in that region of the molecule, which was noted earlier (Hlifle 1992) . The occurrence of the 118 nt band was restricted to samples derived from 10, 120, 130, and 140 m. Thus, the species with sequence similarity to T. denitrificans was distributed rather distinctly (i.e. it was restricted to the euphotic layer and the oxioanoxic interface).
Discussion
The results presented here estimate the microbial diversity of bacterioplankton communities within the water column of the Gotland Deep by differences in the size distribution of the LMW RNA fraction and sequence Fig. 2 . Each ring represents 4% of the total 5s rRNA starting in the center and then stepwise increasing in 4% intervals (i.e. one ring = 4%, two rings 8%, three rings 12%, etc.). [b.] Diversity of the bacterial community in the depth profile of the Gotland Deep in summer 1986 as calculated from the number of different 5s rRNA bands and their relative amounts given in percent as thresholds.
variation of the 5s rRNA. Most striking was the limited number of abundant (> 4% of the total 5s rRNA) taxa in the bacterioplankton and the similarity of the taxonomic structure of euphotic zone samples from different years. Similarity of the community structure of marine bacterioplankton over time was also observed with DNA-DNA hybridization of environmental DNA (Lee and Fuhrman 199 1) and by direct comparison of 16S rRNA sequences for specific taxa (Giovannoni et al. 1990; Schmidt et al. 199 1; Fuhrman et al. 1993) . These findings suggest some class 2 tHNA 5s rRNA Fig. 4 . Gel scans of the two 10-m samples (Fig. 2 lanes b  and k) comprising the 5s rRNA and the class 2 tRNA. regularity and stability in the structure of planktonic microbial communities. The rather limited number of taxa of higher abundance, including bloom situations when one organism was completely dominating, has been reported for freshwater and marine bacterioplankton (Hofle 1992; Rehnstam et al. 1993) . The fact that layers with high autotrophic and heterotrophic carbon turnover (Gocke 1989; Rheinheimer et al. 1989 ; Brettar and Rheinheimer 199 1) displayed a higher diversity than layers of low carbon turnover suggests that ample availability of carbon supply supports more heterotrophic bacterial taxa than shortage of carbon sources, thereby indicating bottom-up control of microbial diversity in planktonic habitats. On the other hand, a top-down effect by flagellate grazing cannot be excluded because the respective layers of high carbon turnover always displayed the highest numbers of flagellates in the water column (H. Kuosa et al. pers. comm.) .
In the oxic zone of the water column, the total amount of 5s rRNA per liter of sample water closely followed total bacterial numbers and biomass, but there was a discrepancy between these parameters in the anoxic zone. We conclude from the observed ratios of RNA vs. cell number that a larger fraction of the bacterial community of the oxic water was growing at a higher rate compared to the anoxic water. The presence of flagellates in the oxic water and their absence in the anoxic part may be a reason for the higher fraction of actively growing bacteria in the oxic laver (H. Kuosa and H. Galvao pers. comm.). Bac- 873 teria in the anoxic part of the water column were larger than in the oxic zone, which may indicate strongly reduced grazing pressure in the anoxic water (Gast and Gocke 1988) .
The 5s rRNA band not only provides information on the abundance of a taxon but also indicates that these bacteria are actively growing (Dortch et al. 1983; Kemp et al. 1993) . The presence of a 5s rRNA band can be interpreted as an indicator for an actively growing bacterial taxon in the water column because the 5s rRNA content of a bacterial cell increases, like all other stable RNAs, with the growth rate of the cell (Marr 1991). As a consequence, actively growing bacterial species contain a higher amount of 5s rRNA per cell than resting cells do. Therefore, it must be taken into account that microbial community structure estimation by 5s rRNA analysis reflects the growth activity of the bacteria analyzed.
If the number of 5s rRNA bands obtained per sample is interpreted as an indicator of the number of actively growing taxa, then the number of taxa-termed taxonomic diversity of the sample-can be considered a minimum estimate. Bands with different numbers of nucleotides were assumed to represent different taxa. However, it cannot be ruled out that some bands contain two or more taxa, which is more likely for samples with a high diversity than for those with a low diversity. For this reason, bands were partially sequenced with emphasis on those bands from samples with high diversity. In no case did we observe more than one taxon in a single band. We therefore conclude that for the water column of the Gotland Deep, the number of bands gives a rather good estimate of the true number of active bacterial taxa in a water sample, as already demonstrated for bacterioplankton in the epilimnion of a eutrophic lake (Hiifle 1989 (Hiifle , 1992 .
The taxonomic resolution obtained by 5s rRNA sequencing of isolated pure cultures is normally at the species level, whereby closely related bacterial species can have only one or two base differences in the entire 5s rRNA sequence (Specht et al. 1990) . Partial sequencing, which was done for the environmental 5s rRNA because of the very small amount of single 5s rRNA available per band, might have a lower taxonomic resolution. However, sequence alignments of 5s rRNA sequences from the database of major bacterial groups (alpha, beta, gamma subgroup of the Proteobacteria, Cyanobacteria, Cytophaga-Flavobacterium, Planctomyces) indicated that even if only the positions of the guanine bases are considered, most of the species can still be resolved. It was only within the gamma subgroup of the Proteobacteria that some closely related Vibrio species like V. diazotrophicus and V. proteolyticus could not be resolved. These sequence alignments also revealed that sequence variation in the first 30 bases and from position 60 to 75 of the 5s rRNA is most pronounced, and therefore, guanine bases in these positions are indicative for identification of the taxonomic position. Therefore, the taxa revealed by partial 5s rRNA sequencing could still be at the species level but should at least resolve genera within the major bacterial groups.
The comparison of the 5s rRNA pattern gives a first impression of the distribution of taxa in the water column. Although bands with the same nucleotide length may indicate the same species or genus, this can be excluded if different lengths are observed. In this way the difference between samples of different origin can be estimated directly from the 5s rRNA pattern. Identity of two bands, by contrast, has to be shown by further partial sequencing.
Partial sequencing allowed us to compare bands of different origins as well as to tentatively identify single bands. Identity of bands was demonstrated between bands of different depths as well as between the same depths during two consecutive years. These results substantiate the hypothesis that the taxonomic structure of the bacterioplankton community is stable, especially in the euphotic zone, where in two consecutive years the summer communities had identical 5s rRNA bands and very similar tRNA patterns. Whereas partial sequencing was successful in demonstrating relative identity and homogeneity of 5s rRNA bands among different water samples, tentative taxonomic identification of the band was restricted to the case of T. denitrificans. Problems with identification of species from 5s rRNA sequence data are due to the limited information obtained by partial sequencing, the lack of enough marine bacterial reference sequences in the 5s rRNA sequence database, and the lack of 5s rRNA sequences from bacteria isolated from the same water samples. Identification for the 118 nt 5s rRNA bands was attempted because presence of a T. denitricficans-like bacterium was hypothesized during a study on denitrification in the water column of the central Baltic and the T. denitr$cans reference strain had a 5s rRNA of this size. Denitrification was assumed to be largely an autotrophic process driven by the oxidation of reduced sulfur compounds in the vicinity of the oxic-anoxic interface (Brettar and Rheinheimer 199 1). Although we tried by different approaches, we failed to isolate T. denitr$-cans from the central Baltic (Brettar and Hiifle 1993).
Hi;,fle and Brettar
This study is the first attempt to provide an overview of taxonomic diversity of the bacterial community in a large river-fed sea. The combination of 5s rRNA pattern analysis with partial sequencing of single bands may provide a first step toward an overview of the abundance of active bacterial species in an aquatic ecosystem. The tentative identification of the T. denitrz&ans-like species demonstrates the utility of this kind of analysis for future research on microbial participants in global biogeochemical cycles. Considering technical improvements in terms of better sequence analysis of small amounts of environmental 5s rRNA, this approach could provide a powerful tool for analyzing the overall structure of bacterial communities. The microbial diversity revealed here, together with the tentative identification of one member, can be regarded as a first step toward detecting the most important members of the community. In this way, the wealth of knowledge about bacterial species obtained in the laboratory can be connected to knowledge about functioning of the ecosystem. Finally, macroecological concepts that are based on knowledge about species abundance may be applicable to the microbial world and lead to a more unified theory in ecology (Andrews 199 
